1. Introduction {#sec1}
===============

Microalgae are microscopic photosynthetic microorganisms currently regarded as a promising feedstock for several biotechnological applications such as biofuels, bioremediation, human and animal nutrition, as well as a source of high value compounds ([@bib14]; [@bib30]; [@bib21]). Although recent reports suggested their wide biotechnological potential, the current production costs of microalgal biomass are still the main hindrance for large-scale commercialization. Therefore, to decrease production costs, it is necessary to address and optimize the whole microalgal production pipeline, from strain selection to the effective establishment of cost-effective harvesting and downstream processes.

Environmental factors (e.g., light, temperature, culture medium and salinity) strongly influence culture productivity and biomass composition ([@bib17]; [@bib3]). Relatively high salinities ("high salt") usually have a significant effect on microalgal cells, causing lower growth rates or even growth arrest ([@bib12]; [@bib40]). In addition, salinity shifts may induce oxidative stress in the culture and alter its physiological and biochemical composition ([@bib6]; [@bib30]). However, some microalgae, namely euryhaline and/or osmotolerant strains, are able to thrive on a wide range of salinities, which might be essential in industrial facilities when valuable metabolites (e.g., polyunsaturated fatty acids and carotenoids) need to be produced or when culture management techniques are needed to control contaminants ([@bib35]; [@bib32]; [@bib40]).

Apart from cultivation costs, harvesting and biomass dewatering processes are the most expensive steps in the whole production pipeline. In fact, the costs associated with harvesting and water removal can easily reach 30% of the total cost. Therefore, any cost savings in these steps can be a key factor in the economic profitability of the whole process ([@bib7]; [@bib1]; [@bib29]).

There are several biomass concentration techniques available. Novel lab-scale technologies are emerging with promising application in industrial purposes, such as electrocoagulation, bio-flocculation, electro-flocculation (electrolytic process), ozonation-dispersed flotation, among others ([@bib18]; [@bib31]). However, nowadays, industrial production units mainly use centrifugation, ultrafiltration (membrane) or a combination of both methods in order to process large-scale culture volumes (e.g. Allmicroalgae and Necton S.A.). Although both techniques are highly efficient in microalgal biomass recovery, they have high CAPEX and significant advantages and disadvantages associated. Flocculation and flotation are described as more suitable for large-scale processing due to lower costs and energy demands, but require the use of chemical products ([@bib4]; [@bib33]; [@bib38]). Natural sedimentation would be the perfect solution for the industry, however, most small size microalgae do not sediment or the sedimentation velocity restrains their recovery in a feasible period.

The *Tetraselmis* genus is considered as highly promising for different biotechnological applications, namely as a source of high value compounds ([@bib23]; [@bib28]). In addition, *Tetraselmis* sp. CTP4 has previously been reported as a euryhaline, fast growing and robust microalgal strain, which holds high potential for scale-up in industrial production facilities ([@bib22]) as well as high sedimentation rates ([@bib21]).

Therefore, in this study we aim to expand our knowledge in order to understand the influence of salt concentration on growth and productivity rates, biomass composition, and sedimentation velocity of *Tetraselmis* sp. CTP4. After a preliminary laboratory assay, the results of production and sedimentation were validated at pilot-scale, in a 2.5-m^3^ photobioreactor and 1-m^3^ sedimentation tank.

2. Materials and methods {#sec2}
========================

2.1. Microalgae strain {#sec2.1}
----------------------

All experiments described in the present work were performed at the facilities of CMP (Secil Group, Portugal), between the 15^th^ of September 2016 and 15^th^ of August 2017. *Tetraselmis sp.* CTP4 was isolated from Ria Formosa (Portugal), as described in [@bib21].

2.2. Growth under different salinities {#sec2.2}
--------------------------------------

Cultures were grown in laboratory conditions, in 5-L glass airlift reactors at ∼25 °C, under continuous lighting (100 μmol photons m^−2^ s^−1^), aerated with filtered compressed air (0.2 μm) supplemented with CO~2~. Guillard\'s F2 medium was used as culture medium in all experiments. Synthetic seawater was prepared using commercial sodium chloride at the following concentrations: 5, 10 and 20 g L^-1^. All experiments were carried out in triplicate.

2.3. Growth assessment {#sec2.3}
----------------------

Microalgal growth was measured by optical density at 540 nm in a Thermo Scientific Genesis 10S UV-Vis spectrophotometer. Biomass dry weight (DW) was determined by filtration of samples through a 0.45-μm cellulose filter, washed with ammonium formate (25 g L^-1^) and dried in an AnD MS-70 moisture analyzer at 120 °C. Cultures were monitored daily by means of microscopic observation (CX31RBSF, Olympus).

2.4. Sedimentation rate {#sec2.4}
-----------------------

Gravity-induced natural sedimentation was measured in cultures grown under different salinities and at different growth stages, following the guidelines used by [@bib19]. The sedimentation rate was calculated in 100-mL measuring cylinders with a height of 16 cm. After the introduction of the culture in the sedimentation systems, they were kept in separate chamber without vibration. The height of settled culture was measured every 30 minutes, for 6 hours. Results are presented in cm h^−1^.

After the sedimentation process, the supernatant was removed using a glass pipette and the remaining concentrated cultures were centrifuged for 5 min at 2000 *g* and later freeze-dried for biochemical analysis.

2.5. Evaluation of biochemical composition {#sec2.5}
------------------------------------------

### 2.5.1. Total lipids {#sec2.5.1}

Total lipids were extracted according to a modified [@bib5] protocol described in [@bib20]. Briefly, lipid extraction was performed with a mixture of chloroform and methanol (1:2) and homogenized for 1 minute using an IKA Ultra-Turrax disperser. Afterwards, 1 mL of chloroform was added, and samples were further homogenized for 30s. At a later stage, this step was repeated with 1 mL of water instead. Extracts were then centrifuged and the organic phase (chloroform) was transferred to pre-weighed tubes and dried overnight. Upon solvent evaporation, the extracted lipids were weighed and the lipid fraction was estimated by gravimetry.

### 2.5.2. Protein content {#sec2.5.2}

Total protein was estimated by Elemental analysis of C, H and N in the obtained biomass, using a Vario el III (Vario EL, Elementar Analyser systeme, GmbH, Hanau, Germany) according to the procedure provided by the manufacturer. Total protein was estimated by multiplying the nitrogen content by a factor of 6.25.

### 2.5.3. Ash content {#sec2.5.3}

The determination of ash content was performed by burning 1 g of biomass for 8 hours at 550 °C in a muffle furnace (J. P. Selecta, Sel horn R9-L).

2.6. Pilot-scale production of biomass {#sec2.6}
--------------------------------------

Outdoor pilot-scale 2.5-m^3^ tubular photobioreactors (PBRs) were used to grow *Tetraselmis* sp. CTP4 at a salt concentration of 10 g L^-1^ (*n* = 3). The pH was maintained at 8, by an automatic CO~2~ injection system, while the temperature of cultures was kept between 25-30 °C, using a water sprinkling thermoregulation system. The flow rate of cultures (9 m^3^ h^-1^) was measured using a Dynasonics DXN (Portable Ultrasonic Measurement System). PBRs were inoculated at DW of approximately 0.2 g L^-1^ and were allowed to grow until a DW of 2.3 g L^-1^ (12 days; based on previous results, the beginning of stationary phase). At this stage, a semi-continuous approach was implemented and 25% of the culture volume (∼600 L) was harvested (1^st^ harvest) and fresh culture medium was added. The renewed culture was allowed to grow for 4 days and again 25% of the culture volume was replaced (2^nd^ harvest). Finally, the cultures were allowed to grow for an additional 4-day period (3^rd^ harvest, end of the trial) and the resulting culture was fully harvested. From the total volume of culture harvested at every step of the semi-continuous growth, only 250 L of each PBR was introduced in the pilot-scale sedimentation tank (see below for further details). Growth performance was daily assessed by means of optical density and DW. A RM Young meteorological station and an Apogee Logan UT SP-110 pyranometer registered the local temperature and radiation, respectively.

2.7. Pilot-scale sedimentation of cultivated biomass {#sec2.7}
----------------------------------------------------

The pilot-scale sedimentation experiment was performed in a 1-m^3^ cylindrical-conical tank with a working volume of 0.75 m^3^, at the end of each semi-continuous growth ([Fig. 1](#fig1){ref-type="fig"}; [Video 1](#appsec1){ref-type="sec"}). As previously stated, a volume of approximately 0.25 m^3^ of each 2.5-m^3^ PBR was transferred to the sedimentation tank and the culture was allowed to naturally sediment for 24 hours. Afterwards, the supernatant was drained by gravity using the two taps located on the side of the tank, which were connected to hoses to better direct the liquid into storage vessels. The remaining concentrated culture was then removed through the valve located on the bottom of the tank. Since a thick microalgal paste remained attached to the lower part of the sedimentation tank, a squeegee was assembled at the bottom of the tank to scrap and recover the rest of the biomass via the bottom valve. All streams of the process (culture medium, concentrated culture and wet paste) recovered from the sedimentation tank were immediately analysed for their DW.Fig. 1Pilot-scale sedimentation process for low-cost harvesting of *Tetraselmis* sp. CTP4 biomass. Microalgal culture was settled by natural sedimentation (24 hours). Thereafter, the culture medium was recovered via taps connected to hoses, located on the side section of the tank. Afterwards the concentrated culture was removed using the bottom valve of the tank. The paste deposited in the bottom of the tank was retrieved by a homemade scraping system into the lower valve directly into plastic bags.Fig. 1

2.8. Statistical analysis {#sec2.8}
-------------------------

Experiments were performed at least in triplicate and results are expressed as mean ± standard deviation. Significance of differences was assessed by ANOVA using SPSS v24.0.

3. Results and discussion {#sec3}
=========================

3.1. Effect of salt concentration on growth and sedimentation performance {#sec3.1}
-------------------------------------------------------------------------

*Tetraselmis* sp. CTP4 was cultivated in laboratory conditions using three different salinities, namely, 5, 10 and 20 g L^-1^ ([Fig. 2](#fig2){ref-type="fig"}A), for 20 days. All cultures showed a growth curve similar to those previously obtained for this strain ([@bib21]). The lag phase took place for about 2 days and the stationary phase was reached at day 15. Cultures displayed similar growth without significant differences (*p* \> 0.05) among the three salinities tested, reaching a final biomass DW of 1.2--1.5 g L^-1^. These results confirm the euryhaline properties of this strain and its capability to easily adapt to different salt conditions ([@bib30]; [@bib10]; [@bib11]; [@bib21]). This is a key feature for the successful growth of microalgae in large-scale industrial facilities. In open production systems (e.g. raceways), environmental factors, such as evaporation and local precipitation, can significantly increase and decrease, respectively, the salt concentration in the medium ([@bib11]). On the other hand, in closed systems (photobioreactors), salinity up- and downshifts can be crucial to manage natural occurring contaminants with lower halotolerance ([@bib22]). In addition, growing microalgal cultures in low-salt media might decrease production downstream costs related to the management of saltwater discharges.Fig. 2(A) Batch growth of *Tetraselmis* sp. CTP4 in 5 L reactors under three different salinities (5, 10 and 20 g L^-1^). (B) Sedimentation rate of cultures grown using different salinities at different growth stages (exponential and stationary), expressed in cm h^−1^. Error bars represent the standard deviation calculated from three replicates.Fig. 2

The sedimentation rate of *Tetraselmis* sp. CTP4 cultures grown under three salinities in the exponential and stationary growth stages is shown in [Fig. 2](#fig2){ref-type="fig"}B. The obtained data revealed no significant differences in the sedimentation rate of cultures grown within the range of salinities under study (5--20 g L^-1^), at either exponential or stationary phase (2--3 cm h^-1^; *p* \> 0.05). Although all cultures grown at different salinities displayed similar sedimentation rates, the concentration of salt is known to affect the growth and physiology of several microalgae species and should, therefore, be considered as a variable influencing cell buoyancy and hence algal sedimentation rates ([@bib25]). On the one hand, it could be hypothesized that a medium of higher density, provided by increasing salt concentrations, would cause a lower sedimentation rate due to a higher buoyancy of the cell. On the other hand, higher NaCl concentrations might induce faster settling velocities in microalgae, because the ionic strength of saline solutions could affect the negative charges at the cell surface. This would decrease the zeta potential associated to the plasma membrane, cell coverings (e.g., cell wall) and other extracellular materials ([@bib8]; [@bib36]). Overall, more experiments are needed to clarify the relation between salinity and sedimentation rate, perhaps with a wider range of concentrations, and also under different growth stages. These studies would also be of great importance to unravel the significance of this culture parameter on culture sedimentation, which can be a key factor for decreasing the harvesting costs in microalgal production.

3.2. Proximate composition {#sec3.2}
--------------------------

The proximate composition of the biomass produced under the different salinities was further determined to assess the effect of salt on the biochemical composition. Overall, the content of protein (ranging from 40.5 to 42.7% of DW) and ashes (7.5--8.2% of DW) in the biomass were quite similar across all salinities under study (*p* \> 0.05). On the other hand, lipid and carbohydrate contents differed significantly (*p* \< 0.05). Low and intermediate salt concentrations (5 and 10 g L^-1^, respectively) showed lower total lipid contents (4.9 and 5.6% of DW), as compared to that obtained at high salt (8.5% of DW, at 20 g L^-1^; *p* \< 0.05). The increase in lipid contents occurred at the expense of carbohydrates (*p* \< 0.05), which decreased from 46.5 to 41.2% of DW as the salinity increased from 5 to 20 g L^-1^.

The metabolism of microalgal cells is highly affected by environmental factors, such as salinity, light, pH, temperature and nutrient availability. In turn, metabolic fluctuations influence growth and biochemical composition of the biomass produced ([@bib9]). High salt combined with low salt growth conditions was previously reported to contribute to lipid and protein enrichment in the final biomass ([@bib12]). Moreover, accumulation of lipids and proteins, induced by salinity shifts, might also promote higher CO~2~ mitigation by microalgae due to the high carbon content of these biomolecules ([@bib3]).

Regarding the *Tetraselmis* genus, the effect of increasing salinities leading to higher lipid content has been previously reported ([@bib16]; [@bib9]), as well as for other microalgal strains ([@bib26]; [@bib15]). The rise of salinity in the medium might lead to an increment in osmotic pressure in the microalgal cells, which involves changes in cell metabolism and activation of several molecular physiological responses ([@bib9]). For example, upon a salinity upshift, cells usually accumulate osmoprotectant solutes, also known as osmolytes, such as glycerol ([@bib26]; [@bib34]) and mannitol ([@bib11]). In addition, cells produce stress proteins to maintain stability and normal growth. However, it is noteworthy that the opposite effect has also been previously described by other authors ([@bib24]; [@bib10]). This difference might be explained by species-/strain-specific effects, as well as through differences in their metabolism, biochemical composition and molecular responses. In accordance with the results of this study, a higher starch accumulation under low salinity has been previously reported for the *Tetraselmis* genus, which has been suggested to be associated or even enhanced by other factors, such as nitrogen deprivation ([@bib37]). Lower salt concentrations force cells to increase their osmotic potential in order to reach an equilibrium with that of the surrounding medium. To this end, cells restrict the biosynthesis and accumulation of small osmolytes and channel the carbon flux to starch synthesis. Unlike other storage polysaccharides, such as glycogen, and because of its crystalline structure and poor solubility in water, starch granules are osmotically inert ([@bib2]). Therefore, the fact that this polysaccharide does not depress the osmotic potential might explain the observed trend for higher carbohydrate contents as salinity is decreased ([Table 1](#tbl1){ref-type="table"}).Table 1Biomass composition of batch cultures grown in 5 L reactors under different salinities (5, 10 and 20 g L^-1^). Values are the mean and corresponding standard deviation of three replicates. Different letters within each biochemical component indicate significant differences.Table 1Salt (g/L)Proteins (%)Lipids (%)Carbohydrates (%)Ashes (%)540.49 ± 1.34^a^4.86 ± 1.00^a^46.52 ± 1.12^a^8.04 ± 0.15^a^1041.10 ± 0.09^a^5.58 ± 0.06^a^45.10 ± 0.27^a^8.22 ± 0.30^a^2042.69 ± 0.42^a^8.54 ± 0.09^b^41.23 ± 1.44^b^7.53 ± 0.52^a^

3.3. Pilot-scale growth {#sec3.3}
-----------------------

The results obtained in the laboratory were followed by a pilot-scale experiment using an outdoor 2.5-m^3^ tubular PBR in semi-continuous mode at the intermediate salinity (10 g L^-1^). The choice of this intermediate salinity for the scale-up step arose from two main factors, namely preventing the proliferation of possible contaminants, commonly found when the salinities are low, and limiting the use of salt when the growth medium is prepared. This balance is important in order to increase overall productivity and decrease production costs. Growth in the pilot-scale PBR was carried out at a stable mean temperature around 16 °C, with the exception of day 4, 5 and 6, where higher temperatures were registered (∼23 °C; [Fig. 3](#fig3){ref-type="fig"}). Total radiation was stable during the first 14 days of the growth period (∼17 MJ m^-2^ d^−1^), while in the last 6 days a decrease in total radiation was observed. All PBRs were inoculated at a concentration of ∼0.2 g L^-1^ DW and reached the early stationary phase in 12 days, with a biomass concentration of 2.3 g L^-1^ DW (1^st^ growth stage). During this stage, cultures presented mean volumetric and areal productivities of 0.17 g L^-1^ d^−1^ and 16.09 g m^-2^ d^−1^, respectively. Upon feeding the culture with fresh medium, the decrease in radiation led to lower growth rates of cultures. In this 2^nd^ growth stage, cultures took 4 days to reach ∼2.0 g L^-1^ and displayed mean volumetric and areal productivities of 0.15 g L^-1^ d^−1^ and 13.91 g m^-2^ d^−1^, respectively. A similar pattern was seen in the 3^rd^ growth stage, with a lower radiation observed on-site. Fed cultures grew slower, so that 5 days were necessary to reach ∼2.0 g L^-1^, whereas the mean volumetric and areal productivities were 0.12 g L^-1^ d^−1^ and 11.23 g m^-2^ d^−1^, respectively. These biomass productivities are quite similar to the results previously reported for this strain in the same production system ([@bib22]).Fig. 3Mean and maximum temperature and radiation registered on site during the growth of *Tetraselmis* sp. CTP4 in outdoor pilot scale photobioreactors (2.5 m^3^) for 18 days. Error bars represent the standard deviation calculated from three replicates.Fig. 3

3.4. Pilot-scale sedimentation process {#sec3.4}
--------------------------------------

The biomass recovered using the semi-continuous cultivation approach was allowed to sediment in a pilot-scale tank; upon which the culture was fed three times, namely on the 6^th^, 9^th^ and 13^th^ of October. The initial DW of cultures (process input) used to perform the sedimentation tests in the three distinct harvesting points was 2.18, 1.97 and 1.95 g L^-1^ ([Table 2](#tbl2){ref-type="table"}). The performance of the sedimentation process (biomass removal efficiency) was quantified by measuring the DW of the culture medium removed via lateral taps connected to hoses, the concentrated culture recovered from the lower valve, and the microalgal paste that settled at the bottom of the tank ([Fig. 1](#fig1){ref-type="fig"}). Therefore, after the sedimentation period (24 hours), approximately 0.712 m^3^ of culture medium were easily removed from the sedimentation tank by gravity drainage. This medium had the appearance of a clear liquid containing only vestigial biomass (0.07 ± 0.02 g L^-1^). This volume corresponded to 93% of the total culture volume ([Table 2](#tbl2){ref-type="table"}). The culture volume that remained in the conical section of the sedimentation tank thus represented only 7% of the total culture volume. Afterwards, this highly concentrated culture was transferred to an appropriate container via the tap located at the bottom section of the tank ([Fig. 1](#fig1){ref-type="fig"}), reaching a concentration of 19.53 ± 4.83 g L^-1^. However, as part of the microalgal biomass settled at the bottom of the tank, this fraction was recovered from the lower section of the tank in the form of a microalgal paste using a scraping device, with a mean biomass 272.7 ± 18.5 g L^-1^. Interestingly, this paste can thus be packed immediately, should this be the intended final product. Overall, these values represent a removal efficiency of 97% of the total biomass introduced in the sedimentation tank. In other words, this low-cost, gravity-dependent harvesting method only led to a biomass loss of 3% upon culture medium removal, without the use of any additional energy input.Table 2Harvesting by sedimentation of *Tetraselmis* sp. CTP4, under a pilot-scale semi-continuous cultivation. Values are the mean and corresponding standard deviation of three replicates.Table 2Sedimentation processUnitMean ± SD***Inputs***Initial culture dry weightg L^−1^2.03 ± 0.13***Outputs***Culture mediumg L^−1^0.07 ± 0.02Concentrated cultureg L^−1^19.53 ± 4.83Microalgal pasteg L^−1^272.7 ± 18.5***Biomass***Settling velocitycm h^−1^3.44 ± 0.10Removal%96.64 ± 0.86

Biomass harvesting is considered one of the main costing steps of the whole microalgal production pipeline ([@bib7]; [@bib1]; [@bib29]). Microalgae harvesting requires high energy inputs, because of the small size of cells, low density (similar to that of water) and low cell concentration of autotrophic cultures ([@bib4]). Therefore, the method developed in the present work, based solely in the natural settling capacity of this strain, represents a major decrease in harvesting costs in the pipeline of biomass production. There are several authors that have corroborated this proof of concept although in different backgrounds. [@bib39] obtained 97.9% recovery of the microalga *Monoraphidium* sp. FXY-10 in 24 hours by natural sedimentation, but only in lab-scale experiments. Meanwhile, [@bib13], in spite of working with different PBRs and sedimentation systems, reported a large-scale gravity sedimentation harvesting method with an 88% biomass recovery within 24 hours. Interestingly, there are other experiments reported for different species, namely *Tetraselmis suecica*, in which the microalgae *per se* were applied as bioflocculants in order to increase the sedimentation rate of non-flocculant cultures and decrease the energy requirements and costs of downstream processing ([@bib27]).

4. Conclusions {#sec4}
==============

Taking into account the robustness, stress tolerance and biochemical properties of *Tetraselmis* sp. CTP4 previously reported, here the authors report that the growth and sedimentation rate are not affected within the range of salinities studied. This work also shows that cultures can be easily harvested via a simple, cost-effective, gravity-dependent process, using cylindrical-conical reservoirs fitted with lateral taps, a scraper, and a bottom valve. This low-cost approach takes into account the specific properties of the strain in order to improve the profitability and sustainability of biomass harvesting. Nevertheless, further optimization of this method using a secondary sedimentation system and different tank geometries will most likely lead to improved reduction costs.
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The following is the supplementary data related to this article:Video 1Title: Low-cost pilot scale harvesting procedure. Legend: Low-cost harvesting procedure optimized at pilot-scale for *Tetraselmis* sp. CTP4 biomass using a 1 m^3^ cylinder conical tank. The process relies in a 24-hour sedimentation step, followed by the removal of the culture medium by gravity drainage through the lateral openings of the tank, while the concentrated culture and wet microalgal paste are removed by the bottom using the lower valve of the tank.Video 1
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